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sequence having a particular spectral shape. The data genera-
tor includes a feedback loop with a transfer function, the
output of which may be altered by limiter circuitry to increase
stability of the data generator. The circuit device may further
include, for example, a pulse edge control circuit to selec-
tively apply a carrier suppression operation to at least one
pulse-width modulated (PWM) signal in response to the ran-
dom pulse sequence to produce at least one modulated PWM
output signal. In such an example, the spectral energy asso-
ciated with a PWM carrier of the modulated PWM output
signal at a carrier frequency and associated harmonics is
changed such that the modulated PWM output signal has a
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SYSTEM AND METHOD FOR GENERATING
SHAPED NOISE

FIELD OF THE INVENTION

This disclosure generally relates to a system and method of
generating shaped noise that may be used, for example, in
shaping a common mode spectrum in pulse-width modulated
(PWM) amplifiers.

BACKGROUND OF THE INVENTION

Conventionally, class D audio amplifiers have the benefit
ot high power efficiency, but such amplifiers can also have a
drawback in terms of electromagnetic interference (EMI),
which can interfere with nearby wireless receivers, violate
Federal Communication Commission (FCC) emission limits,
or any combination thereof. Audio Class D amplifiers often
switch at a frame rate of a few hundred kHz, and common
mode energy at a carrier frequency and its harmonics can fall
directly in the amplitude modulated (AM) radio frequency
band, interfering with nearby AM receivers.

FIG. 1 illustrates a graph 100 of a “BD modulation”
employed by many class D amplifiers. Class D type BD
modulation varies pulse widths of two pulse waves that are
time-aligned and often nominally centered within a pulse-
width modulated (PWM) frame, which has a frame width (T).
For positive input signals, the pulse width PWM B signal 102
that drives the high side of the bridged output (typically
referred to as a P or B pulse) is increased (such as by a delta
(A)) while the pulse width of PWM D signal 104 that drives
the low side of the bridged output (typically referred to as an
N or D pulse) is decreased (such as by the delta (A)). For
negative PWM input signals, a width of the PWM D (or N)
signal 104 is increased while the width of the PWM B (or D)
signal 102 is decreased, resulting two similar but negative
differential pulses. Differentially, this is an efficient arrange-
ment since there is no wasted differential energy.

In this example, a differential mode signal 106 includes
pulses that are nominally centered at +1/4, where T is the
width of the PWM frame and the reference time position T=0
represents the center of the frame. The differential mode
signal 106 is applied across the load (such as a filter in cascade
with a speaker). The carrier frequency of the differential
mode signal 106 is at twice the PWM frame rate. However,
the common mode signal 108 has a peak energy that is nomi-
nally centered at the PWM frame rate. Carrier energy of the
common mode signal 108 can interfere with nearby circuitry
or radio receivers.

FIG. 2 illustrates a graph of a resulting differential mode
power spectrum 200 at the output of an associated H-bridge
circuit. As shown, the graph 200 illustrates the differential
mode component at twice the frame rate in the frequency
domain, where the frame rate is 960 kHz.

FIG. 3 illustrates a graph of a resulting common mode
power spectrum 300 at the output of an associated H-bridge
circuit, showing a common mode component at the frame rate
01960 kHz. The strong common mode component created at
the PWM frame rate, as illustrated by the common mode
power spectrum 300, can interfere with nearby radio receiv-
ers. Given that practical switching frequencies for audio
applications range from approximately 200 kHz to 1000 kHz
and that the AM band ranges from 520kHz to 1710 kHz, there
is a problem with radiated interference of the common mode
carrier and its harmonics interfering with reception of an AM
receiver in close proximity to or within the same system.
Therefore, it is desirable to suppress the common mode car-
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2

rier ofa class-BD double sided symmetrical modulated signal
with little or no compromise in the differential mode perfor-
mance.

SUMMARY OF THE INVENTION

In a particular embodiment, a circuit device is disclosed
that includes a data generator adapted to output a random
pulse sequence having a particular spectral shape. The data
generator includes a feedback loop with a transfer function,
the output of which may be altered by limiter circuitry to
increase stability of the data generator. In one embodiment,
the limiter circuitry may be implemented as limiter circuitry
that acts to limit the output signal of the transfer function to
prevent relatively large error terms from being fed back to the
input of the transfer function via the feedback loop.

The circuit device of this particular embodiment may fur-
ther include a pulse edge control circuit to selectively apply a
carrier suppression operation to at least one pulse-width
modulated (PWM) signal in response to the random pulse
sequence to produce at least one modulated PWM output
signal. The spectral energy associated with a PWM carrier of
the modulated PWM output signal at a carrier frequency and
associated harmonics is changed such that the modulated
PWM output signal has a spectral shape defined by the par-
ticular spectral shape. In a particular embodiment, the carrier
suppression operation includes a phase shift operation that is
applied to selectively shift the at least one PWM input signal
by plus or minus a quarter of a PWM frame relative to the
frame center according to the random pulse sequence. In
another particular embodiment, the carrier suppression
operation comprises a chop operation that is selectively
applied to chop or not chop the at least one PWM input signal
with its duty cycle complement PWM signal according to the
random pulse sequence.

In another particular embodiment, a method is disclosed
that includes receiving at least one pulse-width modulated
(PWM) input signal from a PWM source and receiving a
random pulse sequence having a particular spectral shape
from a data generator that includes a feedback loop with a
transfer function, the output of which may be altered by
limiter circuitry such as described above to increase stability
of'the data generator. The method further includes applying a
carrier suppression operation to selectively phase shift or to
selectively chop the received at least one PWM input signal
according to values of the random pulse sequence to produce
at least one modulated PWM output signal with a desired
spectral shape as defined by the random pulse sequence.

In one respect, disclosed herein is a circuit device, com-
prising: a data generator adapted to output a random pulse
sequence having a particular spectral shape, the data genera-
tor including a sigma-delta modulator that includes a zero
input signal, a random noise signal, a quantizer, a noise trans-
fer function defined within a feedback loop, and limiter cir-
cuitry coupled within the feedback loop between the output of
the feedback loop and the noise transfer function. A feedback
value output by the feedback loop of the sigma-delta modu-
lator is subtracted from the zero input signal of the sigma-
delta modulator to produce a first result prior to addition of the
random noise signal to the first result to produce a second
result, the second result is provided to the quantizer of the
sigma-delta modulator to produce a random pulse sequence at
an output of the sigma-delta modulator, and the random pulse
sequence is subtracted from the first result to produce a feed-
back result that is provided to the noise transfer function of
the sigma-delta modulator.
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In another respect, disclosed herein is a method compris-
ing: providing a data generator comprising a sigma-delta
modulator that includes a zero input signal, a random noise
signal, a quantizer, a noise transtfer function defined within a
feedback loop, and limiter circuitry coupled within the feed-
back loop between the output of the feedback loop and the
noise transfer function; and producing a random pulse
sequence having a particular spectral shape from the data
generator by subtracting a feedback value output by the feed-
back loop of the sigma-delta modulator from the zero input
signal of the sigma-delta modulator to produce a first result
prior to adding the random noise signal to the first result to
produce a second result, providing the second result to the
quantizer of the sigma-delta modulator to produce a random
pulse sequence at an output of the sigma-delta modulator,
subtracting the random pulse sequence from the first result to
produce a feedback result, and providing the feedback result
to the noise transfer function of the sigma-delta modulator.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a graph of a particular representative embodiment
of'a conventional BD-D PWM signal where pulse widths of
two pulse waves are varied, which pulse waves are time-
aligned and often centered within a pulse width modulated
(PWM) frame.

FIG. 2 is a graph of a differential mode (DM) power spec-
trum of the PWM signals illustrated in FIG. 1 with a time-
varying delta (A) and a frame rate of 960 kHz.

FIG. 3 is a graph of a common mode (CM) power spectrum
of'the PWM signals illustrated in FI1G. 1 with a time-varying
delta (A) and a frame rate of 960 kHz.

FIG. 4 is a timing diagram of a particular illustrative
embodiment of a chop/no chop carrier suppression operation
that can be selectively applied to suppress carrier power of a
modulated PWM output signal and to spread carrier energy to
frequencies other than the carrier frequency and its associated
harmonics within a PWM output spectrum.

FIG. 5 is a graph of a particular illustrative embodiment of
a timing diagram illustrating the basic concept for a quarter-
frame phase shift of a single PWM signal to suppress a carrier
at the frame rate.

FIG. 6 is a graph of a particular illustrative embodiment of
a spectral shape of a shaped random pulse sequence that can
be used to shape a power spectrum of at least one PWM signal
to produce at least one modulated PWM signal having a
desired spectral shape.

FIG. 7 is a block diagram of a particular illustrative
embodiment of a sigma-delta circuit adapted for use as a
shaped random pulse sequence generator that is program-
mable to produce a random pulse sequence having a particu-
lar spectral shape.

FIG. 8 is a block diagram of a system including a pulse
edge control circuit that is responsive to a data generator, such
as the sigma-delta circuit illustrated in FIG. 7, to selectively
phase shift or to selectively chop at least one PWM signal
according to values associated with the random pulse
sequence to produce at least one modulated PWM output
having the particular spectral shape.

FIG. 9 is a graph of a particular illustrative example of a
common mode power spectrum associated with a modulated
PWM output signal produced by selectively chopping or not
chopping a PWM signal and its duty cycle complement
(within limits of time quantization effects) according to val-
ues of a random pulse sequence produced by a data generator,
such as the sigma-delta circuit illustrated in FIG. 7.

20

25

30

35

40

45

50

55

60

65

4

FIG. 10 is a flow diagram of a particular illustrative
embodiment of a method of shaping an output power spec-
trum associated with at least one modulated PWM output
signal.

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

FIG. 4 is a timing diagram 400 of a particular illustrative
embodiment of a chop/no chop carrier suppression operation
that can be selectively applied to suppress carrier power of a
modulated PWM output signal and to spread carrier energy to
frequencies other than the carrier frequency and its associated
harmonics within a PWM output spectrum. The timing dia-
gram 400 includes a high side signal (P) 402 and a low side
signal (N) 404, which have a differential mode component
represented by signal 406 and a common mode component
represented by signal 408. The differential mode signal 406 is
defined by the following equation:

DM(6)=P(2)-N(t) (Equation 1).

As shown, in the “not chopped” version, the common mode
component (signal 408) has a peak amplitude centered at a
center of the frame. The common mode signal 408 is defined
by the following equation:

CM@O=(P()+N@))/2 (Equation 2).

The timing diagram 400 also includes a chopped version of
the high and low side signals (P and N) 402 and 404, repre-
sented by the high side signal (P') 412 and the low side signal
(N') 414. In this example, the high side signal (P) 402 is
inverted and swapped with the low side signal (N) 404 and
becomes the low side signal (N') 414, as shown by the fol-
lowing equation:

N@=FP() (Equation 3).

The low side signal (N) 404 is inverted and swapped with
the high side signal (P) 402 becomes the high side signal (P")
412, as shown by the following equation:

P(H)=N(») (Equation 4).

In the chopped version, the differential mode signal 416
remains unchanged relative to the “not chopped” version, as
defined by the following equation:

DM'()=P'(t)-N'(£)=—N(#)--P(£)=DM(?) (Equation 5).

However, the common mode signal 418 is inverted relative
to the common mode component of the “not chopped” ver-
sion represented by the signal 408, as defined by the following
equation:

CM'()=(~-N(t)-P®)/2=-CM(#) (Equation 6).

In this example, when the signal is chopped, the common
mode signal 418 is inverted and the differential mode signal
416 remains unchanged (relative to the differential mode
signal 406). The differential mode signal 406 or 416 deter-
mines the audio performance in an audio application, and the
common mode signal 408 is what is predominantly respon-
sible for electromagnetic interference (EMI). In a particular
embodiment; by selectively chopping and not chopping a
PWM input signal and its duty cycle complement PWM
signal, the common mode carrier energy at the carrier fre-
quency is reduced over a sequence of frames, reducing EMI
and radio frequency interference. As used herein, the term
“duty cycle complement” refers to a signal that, when aggre-
gated with the PWM input signal, aggregates to an entire
width of the PWM frame (within limits of time quantization
effects). Further, as used herein, the term “chop” or “chop
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operation” refers to a technique that inverts the PWM input
signal and its duty cycle complement and interchanges them
to produce a modulated PWM output. In a particular example,
if the chop operation is alternately applied every other frame
(e.g., a first PWM pulse is not chopped and a second PWM
pulse is chopped), a resulting common mode carrier energy
associated with the PWM P and N signals 402 and 404 (and
their inverted and swapped (interchanged) versions PWM P
and N' signals 412 and 414) averages to zero at the carrier
frequency.

FIG. 5 is a graph of a particular illustrative embodiment of
a timing diagram 500 illustrating a quarter frame phase shift
of'a single pulse-width modulated (PWM) signal to suppress
a carrier at the frame rate. The timing diagram 500 includes a
PWM D signal 502 that is centered (positioned) within the
frame at T/2. Over a two frame interval, the PWM D signal
502 is shifted. In one example, the PWM D signal 502 is
shifted left (by —1/4) then right (by +1/4), as illustrated at
504. In another example, the PWM D signal 502 is shifted
right (by +1/4) then left (by —1/4), as illustrated at 506.

In this particular example, the pulse width of the PWM D
signal 502 is less than half of the frame width (T/2), so
shifting the PWM D signal 502 early or late does not intro-
duce any frame edge boundary issues. In other words, shifting
of'the PWM D signal 502 does not cause any portion of the
pulse to cross the frame boundary (such as the

PWM frame boundaries at T=0, T, or 27T, illustrated in FIG.
5). The above example represents a quarter-frame symmetri-
cal pulse shift with no wrap-around.

However, when the pulse width is greater than T/2, then
boundary problems can arise. For example, if the PWM D
signal 502 is wider than T/2, shifting the PWM D signal 502
by a quarter of the frame width would cause a portion of the
PWM D signal 502 to extend over the frame boundary (e.g.,
to cross t=0 or t=T). To avoid having the portion cross the
frame boundary, the PWM D signal 502 can be shifted early
(left) or late (right) by a phase that is less than a quarter of the
frame, i.e., less than +1/4, so that the PWM D signal 502
abuts, but does not cross, the frame boundary. When two
signals (a PWM D signal 502 that is wider than T/2 and a
PWM B signal that is narrower than T/2) are shifted, both
signals may be shifted to abut the frame boundary, such that
the PWM D signal 502 is shifted by less than a quarter of the
frame width and the PWM B signal is shifted by more than a
quarter of the frame width. In this instance, the sum of the
PWM D signal 502 and PWM B signal over two frames has
zero content at the frame repetition rate in the Fourier Trans-
form, which cancels the carrier in the common mode signal.
This particular example can be referred to as a quarter frame
asymmetrical pulse shifting with no wrap-around.

Alternatively, the PWM D signal 502 can be shifted by plus
or minus a quarter of the frame, and any portion of the PWM
D signal 502 that crosses the frame boundary can be wrapped
to an opposing frame boundary within the same PWM frame.
This alternative example can be referred to as a quarter-frame
symmetrical pulse shift with wrap-around.

In a particular example, a pulse edge control circuit may be
adapted to selectively apply a carrier suppression operation
that includes selectively shifting one or more PWM signals by
plus or minus a quarter of the frame width using quarter-
frame symmetrical pulse shifting with no wrap-around, quar-
ter-frame asymmetrical pulse shifting with no wrap-around,
or quarter-frame symmetrical pulse shifting with wrap-
around, depending on the implementation.

FIG. 6 is a graph of an illustrative embodiment of a par-
ticular spectral shape 600 of a shaped random pulse sequence
that can be used to define the power spectrum of at least one
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PWM input signal to produce at least one modulated PWM
output signal having a desired spectral shape. The spectral
shape 600 includes two band-stop regions, one with attenua-
tion from 0-20 kHz resulting from nulls or notches at DC (0
kHz) and near 20 kHz (generally indicated at 602), and a
second with attenuation around a selected frequency of inter-
est resulting from nulls or notches at 200 kHz+/-10 kHz
(generally indicated between 604 and 606). In a particular
embodiment, it is desirable to suppress the large tone at the
PWM frame rate and its harmonics to reduce peak radiated
energy. In another particular embodiment, it is desirable to
further attenuate spectral energy within a selected frequency
band for improved AM radio reception. Further, in a particu-
lar embodiment, it is desirable to have little or no noise within
a frequency band from approximately 0-20 kHz to prevent
audible noise from coupling into a speaker in an audio appli-
cation.

FIG. 7 is a block diagram of a particular illustrative
embodiment of a sigma-delta circuit 700 adapted for use as a
shaped random pulse sequence generator that produces a
random pulse sequence having a programmable spectral
shape, such as the particular spectral shape 600 illustrated in
FIG. 6. In preferred embodiments, the stop-band at 200
kHz+/-10 kHz in FIG. 6 can be programmed for specific
locations to reduce PWM radiation in desired frequency
bands. The sigma-delta circuit 700 includes a quantizer 702 to
produce a random pulse sequence having values of plus or
minus one at an output 704. The sigma-delta circuit 700
further includes a feedback loop that has a transfer function
(1-G(z)) 706. In this embodiment, the transfer function 706 is
programmable via a transfer function control input 716 to
alter the transfer function of the feedback loop. The sigma-
delta circuit 700 includes a noise input 708 and a signal input
710 having a zero input value. Examples of suitable circuitry
or algorithms for noise input 708 includes, but is not limited
to, a 24 bit linear feedback shift register (LFSR) or other type
of random or pseudo-random noise generation circuitry/al-
gorithm, e.g., generalized feedback shift register, feedback
with carry shift register, linear congruential generator, lagged
Fibonacci generator, etc.

Still referring to FIG. 7, the signal input 710 is coupled to
a first summing node 712 that produces a first result that is a
difference between a feedback value received from limiter
circuitry 720 and the zero input value. The first result is
provided to a summing node 724, which subtracts a value at
the output 704 from the first result to produce a feedback
result that is provided to the transfer function 706. Addition-
ally, the firstresult is provided to a second summing node 714,
which adds the first result to a noise signal from the noise
input 708 to produce a second result. The second result is
provided to the quantizer 702.

In a particular embodiment, the sigma-delta circuit 700 can
be implemented as digital circuits, analog circuits, firmware,
or any combination thereof. In another particular embodi-
ment, the transfer function 706 is configurable (program-
mable) via the transfer function control input 716 to produce
a particular spectral shape, which may or may not have
notches at particular frequencies. The random pulse sequence
at the output 704 is consequently shaped by the transfer
function 706. In one exemplary embodiment, the output 704
may be coupled to a pulse edge control circuit that is adapted
to selectively apply a carrier suppression operation (such as a
selective phase shift operation or a selective chop/no chop
operation) according to values of the random pulse sequence.
General information on a sigma-delta circuit adapted for use
as a shaped random pulse sequence generator that produces a
random pulse sequence having a programmable spectral
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shape with an output provided to a pulse edge control circuit
may be found in U.S. patent application Ser. No. 12/208,535
by Alderson, et al. filed Sep. 11, 2008 (Publication No.: US
2009/0243745), which is incorporated herein by reference in
its entirety.

In the exemplary embodiment of FIG. 7, limiter circuitry
720 is provided as shown at the output of transfer function 706
to limit the output signal of the transfer function 706 to
decrease loop gain and prevent relatively large error terms in
feedback loop from entering the input of the (1-G(2)) transfer
function 706, regardless of how large the output is. This
substantially prevents the loop from going unstable by limit-
ing the output of transfer function 706, e.g., to a value of +2.0
or =2.0, and thus acts to limit the absolute value of the error
term, le(n) |, in feedback loop to less than or equal to one.
Examples of limiter circuitry that may be provided at the
output of transfer function 706 to limit size of error term le(n)
| in the feedback loop include, but are not limited to, hard soft
limiting circuits, soft limiting circuits, piecewise linear trans-
fer function limiting circuits, or any other circuitry that pro-
vides decreasing gain across the operating range.

Itwill be understood that zeroes in the transfer function 706
become poles in the transfer function response, and numerous
close poles may have impulse response with large overshoot.
Moreover, higher order (e.g., 13” order) transfer functions
tend to exhibit instability more often due to their larger
impulse response and step response overshoot. Since quan-
tizer 702 has an output of only +1 or -1, then loop gain may
tend to decrease and stability decrease as error grows. Thus, a
potential reason that a loop similar to that of circuitry 700 may
go unstable in the absence of limiter circuitry 720 or other
type of limiter circuitry is due to the non-linear nature of the
quantizer 702, i.e., if the output of the transfer function 706 is
larger than 1 then the effective loop gain drops. For example,
if the output of the transfer function 706 is 2.5, the quantizer
circuitry 220 cansstill only output 1.0, and the error e(n) would
be —1.5 without limiter circuitry 230. In the absence of limiter
circuitry 230, this relatively large error term e(n) would be
input back into the transfer function 706 for the next time
around the loop. Thus, the larger the output of the transfer
function 706 without limiter circuitry 230, the larger the error
term e(n), which is equivalent to the loop gain dropping.

In the embodiment of FIG. 7, output of limiter circuitry 720
may be modeled as noise on the input signal that passes
directly onto the output signal 704 of circuitry 700 since the
signal transfer function (STF) of (1-G(z)) transfer function
706 is equal to one. However, since the desired output 704 is
shaped noise, this noise introduced by limiter circuitry 720 is
acceptable as long as the power of the noise is below the
amplitude of the notches in the shaped noise. In the exemplary
embodiment of FIG. 7, the limiter circuitry 720 is set to limit
the output of transfer function 706 at +/-2.0 to prevent the
error term in feedback loop input to transfer function 706
from ever becoming larger than +/-1.0, thus creating a stable
loop. This allows very high order loops to be provided with
very aggressive NTE’s for precisely shaped white noise. It
will be understood that in other embodiments limiter circuitry
may be provided that limits the output of transfer function 706
to other selected values, e.g., having absolute value greater
than or less than 2.0.

For shaped chopping, the limiting action by limiter cir-
cuitry 720 may limit the depth of notches applied to the
common mode spectrum during the chopping operation.
Thus, it will be understood that in some cases it may be
desirable to select the out-of-band (OOB) gain to be low
enough such that limiter circuitry 720 will only be required to
activate and limit the output of transfer function 706 relatively
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rarely, at the same time that the loop is made stable. In one
exemplary embodiment, OOB may be selected to about 3.75
dB and limiter circuitry 230 may limit the output of transfer
function 706 once about every 600 samples (=55 dB),
although these values are exemplary only and greater or lesser
values of OOB and/or limiting frequency may be imple-
mented in other embodiments.

FIG. 8 is a block diagram of a system 800 including a pulse
edge control circuit 806 that is adapted to apply a carrier
suppression operation to an input PWM signal according to
values of a shaped random pulse sequence generator to pro-
duce at least one modulated PWM output having the particu-
lar spectral shape as defined by the data generator. The system
800 includes a pulse-width modulated (PWM) source 802
that provides at least one PWM signal 804 to a pulse edge
control circuit 806. In this exemplary embodiment, the sys-
tem 800 also includes the sigma-delta circuit 700 with limiter
circuitry 720 illustrated in FIG. 7 that provides a random
sequence with a particular spectral shape 704 to the pulse
edge control circuit 806. The resulting output spectrum of
signal 808 is effectively the convolution of the input PWM
spectrum with the spectrum of the random pulse sequence.

In a particular example, the pulse edge control circuit 806
is adapted to selectively phase shift the at least one PWM
signal 804 by plus or minus a quarter of a PWM frame width
relative to a center of the PWM frame at integer sub-multiples
of a frame repetition rate. In another particular example, the
pulse edge control circuit 806 is adapted to selectively chop or
not chop the at least one PWM signal 804. In a particular
example, the shift or the chop can be selectively applied by the
pulse edge control circuit 806 based on values of the random
pulse sequence with the particular spectral shape 704. The
resulting modulated PWM output signal has a suppressed
carrier energy at the carrier frequency, which energy is spread
to other frequencies and the overall spectral shape at 808 is
defined by the spectral shape of the data generator output,
700.

FIG. 8 illustrates one exemplary embodiment in which
sigma-delta circuit 700 of FIG. 7 may be employed to provide
a random sequence with a particular spectral shape 704 to a
pulse edge control circuit 806. However, it will be understood
that the disclosed sigma-delta circuitry including limiter cir-
cuitry described herein may be employed to produce pseudo
random noise having any desired spectrum and/or for other
(e.g., non-PWM related) applications. Furthermore, it will be
understood that both single bit and multiple bit shaped noise
embodiments are possible, e.g., the disclosed sigma-delta
circuitry including limiter circuitry may be implemented to
generate multi-bit shaped noise of any desired spectrum.

FIG. 9 is a graph of a particular illustrative example of a
power spectrum 900 of the output PWM signal 808 in F1G. 8.
In this case, the programmable stop-band was set to be 200
kHz and the PWM frame rate is 960 kHz. The common mode
power spectrum 900 has been spread as compared to the
common mode power spectrum 300 illustrated in FIG. 3.
Further, the common mode power spectrum 900 does not
include large common mode components that contribute to
AM interference (AMI) or electromagnetic interference
(EMID). Further, the common mode power spectrum 900
includes little noise in the audio frequency band, and notches
have been placed at n*960 kHz+/-200 kHz, where n is a
non-negative integer, as indicated at 904, 906, 908, 910, and
912. Further, the graph 900 includes a notch at 0 kHz and at 20
kHz, as indicated at 902. In an alternate example, should the
programmable stop-band be centered at 300 kHz, the notches
would be located at n*960 kHz+/-300 kHz.
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FIG. 10 is a flow diagram of a particular illustrative
embodiment of a method of shaping an output power spec-
trum associated with at least one modulated PWM output
signal. At 1002, at least one pulse-width modulated (PWM)
input signal is received from a PWM source. Continuing to
1004, a random pulse sequence having a particular spectral
shape is received from a data generator 700. In a particular
embodiment, the particular spectral shape includes notches at
selected frequencies. Proceeding to 1006, a carrier suppres-
sion operation is applied to selectively phase shift or to selec-
tively chop the received at least one PWM input signal
according to values of the random pulse sequence to produce
at least one modulated PWM output signal with a desired
spectral shape as defined by the random pulse sequence. In a
particular embodiment, the at least one modulated PWM
output signal has carrier energy that is spread to frequencies
other than a carrier frequency and its harmonics. In a particu-
lar embodiment, the carrier suppression operation can be
applied at integer sub-multiples of a PWM frame repetition
rate or at a rate that is faster than the frame repetition rate. The
method terminates at 1008.

In a particular embodiment, the method further includes
programming the data generator 700 to produce the particular
spectral shape. In another particular embodiment, the data
generator 700 includes a feedback loop having a program-
mable transfer function. In still another particular embodi-
ment, the data generator 700 has a nominally white noise
input. The data generator 700 shapes the white noise source to
produce an output pulse sequence having the desired spectral
shape often with notches at programmable frequency loca-
tions.

In conjunction with the systems, circuits, and methods
described above with respectto FIGS. 4-10, acircuit device is
disclosed that is adapted to utilize a random data sequence
having a particular spectral shape to control application of a
carrier suppression operation. In a particular example, a pulse
edge control circuit coupled to a data generator 700 that
provides a random sequence with a particular spectral shape
to the pulse edge control circuit may selectively phase shift a
pulse-width modulated (PWM) input signal and its PWM
duty cycle complement by plus or minus a quarter of a frame
width at integer sub-multiples of a frame repetition rate based
on values of the random data sequence. In another particular
example, the pulse edge control circuit coupled to the data
generator 700 may selectively chop (i.e., chop or does not
chop) at least one PWM input signal based on values of the
random data sequence. In either instance, the resulting modu-
lated PWM output has an altered carrier spectrum that has a
spectral shape defined by the particular spectral shape of the
random data sequence, including any frequency notches in
the particular spectral shape. The resulting modulated PWM
output signal has reduced carrier energy at a carrier frequency
and at harmonics of the carrier frequency and exhibits
reduced AM interference (AMI) and reduced electromagnetic
interference (EMI) with respect to adjacent circuitry.

While the invention may be adaptable to various modifi-
cations and alternative forms, specific embodiments have
been shown by way of example and described herein. How-
ever, it should be understood that the invention is not intended
to be limited to the particular forms disclosed. Rather, the
invention is to cover all modifications, equivalents, and alter-
natives falling within the spirit and scope of the invention as
defined by the appended claims. Moreover, the different
aspects of the disclosed systems and methods may be utilized
in various combinations and/or independently. Thus the
invention is not limited to only those combinations shown
herein, but rather may include other combinations.
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What is claimed is:

1. A circuit device, comprising:

a data generator adapted to output a random pulse sequence
having a particular spectral shape, the data generator
including a sigma-delta modulator that includes a zero
input signal, a random noise signal, a quantizer, a noise
transfer function defined within a feedback loop, and
limiter circuitry coupled within the feedback loop
between the output of the feedback loop and the noise
transfer function;

where a feedback value output by the feedback loop of the
sigma-delta modulator is subtracted from the zero input
signal of the sigma-delta modulator to produce a first
result prior to addition of the random noise signal to the
first result to produce a second result;

where the second result is provided to the quantizer of the
sigma-delta modulator to produce a random pulse
sequence at an output of the sigma-delta modulator; and

where the random pulse sequence is subtracted from the
first result to produce a feedback result that is provided
to the noise transfer function of the sigma-delta modu-
lator.

2. The circuit device of claim 1, wherein the limiter cir-
cuitry is configured to limit the absolute value of the output of
the noise transfer function.

3. The circuit device of claim 1, wherein the quantizer is
configured to produce a random pulse sequence having values
of plus or minus one at an output of the sigma-delta modula-
tor; and wherein the limiter circuitry is configured to limit the
absolute value of the output of the noise transfer function to
limit the absolute value of an error term in the feedback result
that is provided to the noise transfer function.

4. The circuit device of claim 1, wherein the quantizer is
configured to produce a random pulse sequence having values
of +1 or -1 at an output of the sigma-delta modulator; and
wherein the limiter circuitry is configured to limit the abso-
lute value of the output of the noise transfer function to a value
of +2 or -2 to limit the absolute value of an error term in the
feedback result provided to the noise transfer function to less
than or equal to 1.0.

5. The circuit device of claim 1, further comprising:

a pulse edge control circuit to selectively apply a carrier
suppression operation to at least one pulse-width modu-
lated (PWM) signal in response to the random pulse
sequence to produce at least one modulated PWM out-
put signal; and

where spectral energy associated witha PWM carrier of the
modulated PWM output signal at a carrier frequency and
associated harmonics is changed such that the modu-
lated PWM output signal has a spectral shape defined by
the particular spectral shape.

6. The circuit device of claim 5, wherein the particular
spectral shape includes notches at specified frequencies, and
wherein the spectral shape of the modulated PWM output
signal includes notches at desired frequencies.

7. The circuit device of claim 5, wherein the carrier sup-
pression operation comprises a chop operation that is selec-
tively applied to chop or not chop the at least one PWM input
signal with its duty cycle complement PWM signal according
to the random pulse sequence.

8. The circuit device of claim 7, wherein the noise transfer
function is programmable to create a plurality of spectral
shapes, wherein at least one of the plurality of spectral shapes
includes one or more notches at desired frequencies.

9. A method comprising:

providing a data generator comprising a sigma-delta
modulator that includes a zero input signal, a random
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noise signal, a quantizer, a noise transfer function
defined within a feedback loop, and limiter circuitry
coupled within the feedback loop between the output of
the feedback loop and the noise transfer function; and
producing a random pulse sequence having a particular
spectral shape from the data generator by subtracting a
feedback value output by the feedback loop of the
sigma-delta modulator from the zero input signal of the
sigma-delta modulator to produce a first result prior to
adding the random noise signal to the first result to
produce a second result, providing the second result to
the quantizer of the sigma-delta modulator to produce a
random pulse sequence at an output of the sigma-delta
modulator, subtracting the random pulse sequence from
the first result to produce a feedback result, and provid-
ing the feedback result to the noise transfer function of
the sigma-delta modulator.
10. The method of claim 9, further comprising limiting the
absolute value of the output of the noise transfer function.
11. The method of claim 9, further comprising using the
quantizer to produce a random pulse sequence having values
of plus or minus one at an output of the sigma-delta modula-
tor; and limiting the absolute value of the output of the noise
transfer function to limit the absolute value of an error term in
the feedback result that is provided to the noise transfer func-
tion.
12. The method of claim 9, further comprising using the
quantizer to produce a random pulse sequence having values
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of +1 or -1 at an output of the sigma-delta modulator; and
limiting the absolute value of the output of the noise transfer
function to a value of +2 or -2 to limit the absolute value of an
error term in the feedback result provided to the noise transfer
function to less than or equal to 1.0.

13. The method of claim 9, further comprising:

receiving at least one pulse-width modulated (PWM) input

signal from a PWM source; and

applying a carrier suppression operation to selectively

phase shift or to selectively chop the received at least one
PWM input signal according to values of the random
pulse sequence to produce at least one modulated PWM
output signal with a desired spectral shape as defined by
the random pulse sequence.

14. The method of claim 9, wherein the particular spectral
shape includes one or more notches at selected frequencies.

15. The method of claim 9, further comprising program-
ming the noise transfer function of the data generator to
produce the particular spectral shape.

16. The method of claim 9, wherein the at least one modu-
lated PWM output signal has carrier energy that is spread to
frequencies other than a carrier frequency and its harmonics.

17. The method of claim 16, further comparing applying
the carrier suppression operation by selectively chopping or
not chopping the at least one PWM input signal with its duty
cycle complement PWM signal according to the random
pulse sequence.



